We describe results of calibration experiments using a new angle-resolved low coherence interferometry system. Light scattered from a polystyrene microsphere sample are compared with Mie Theory predictions to determine the size of the particles.
Introduction
Variations in scattering distributions with angle or wavelength can be used to deduce the size and relative refractive index of scattering objects such as cells, nuclei, and even smaller organelles. Angle-resolved Low Coherence Interferometry (a/LCI) has been introduced as a method to obtain depth resolved angular scattering distributions for this purpose. The technique enables selective detection of the optical field scattered from a small region within a sample by exploiting the coherence properties of broadband light. The angular scattering distribution is mapped out using a novel imaging system that exploits the high directed sensitivity of the interferometer. The a/LCI technique was initially validated in studies of polystyrene microspheres [1] . This paper discusses calibration results from a new a/LCI system with faster data acquisition times and a reduced noise floor. The calibration tests demonstrate subwavelength precision by comparing measured angular scattering distributions to the predictions of Mie theory [2] .
Description of system
The new a/LCI system ( Figure 1 ) employs a Mach-Zehnder interferometer geometry. Light coming from a broadband source (SLD or Ti:sapphire fs laser, λ o = 830 nm) is equally split into a signal and reference beam by a beamsplitter. In this design, the reference and sample arms remain unidirectional, enabling the separation of imaging optics from the frequency modulation elements. In the previous a/LCI system, based on a Michelson interferometer, a heterodyne signal was generated by imparting a Doppler shift to the reference beam while mechanically scanning the reference mirror along the axis of the reference beam. The new system no longer depends on a Doppler shift to establish the heterodyne beat signal. Instead, it uses a set of acousto-optic modulators (AOM's) that produce a frequency difference in the two beams of 10 MHz. The reference beam path length is now changed by a variable position retroreflector to achieve depth resolution, as given by the low coherence length (10 -20 µm) of the source. This new arrangement allows a single 2 mm depth scan to be completed in 4 s. The higher heterodyne frequency enables a 1000x improvement in the speed of demodulating the interference fringes as compared to the previous system. The use of the AOM's also avoids the 1/f noise which was the chief noise constituent of the previous system. The lowered noise floor eliminates the need to average multiple depth scans at each scattering angle, a necessary step with the previous system. Thus, the improved SNR directly leads to a dramatic improvement in the speed of completing one angle scan. The new system completes a total scan in 6 minutes compared to 35 minutes in the previous system.
The sample beam illuminates the sample and the scattered light is collected by lens L4 (f 4 = 3.5 cm). By positioning the incoming sample beam on one side of lens L4 the full angular aperture (580 mrad = 33.2 o ) is used to collect light scattered from the sample. Lenses L3 (f 3 = 10 cm) and L4 form a 4f imaging system which maps the angular distribution of light collected by lens L4 to the plane of lens L2 (f 2 = 10 cm). Because of the unequal focal lengths of L3 and L4 the angle of the light arriving at L2 will be scaled by 0.35. L2 (25 mm diameter achromat, Edmund Optics) is translated a distance ∆y perpendicular to the optical axis. It has been shown using Fourier optics that this translation will permit selective detection of the light which arrives at the plane of L2 traveling at an angle θ = ∆y / f 2 [2] . Figure 1b depicts the position and angle of light passed by L2 for detection at the beginning and middle of the scan of the angular distribution. The theoretical maximum range of angles detectable by scanning L2 is +/-127 mrad (7.3 o ), which encompasses the range of angles being collected by lens L4 when the 0.35 scaling factor is considered.
Results
To demonstrate the calibration of this system we probed a turbid sample of polystyrene microspheres (n=1.59) suspended in a mixture (n=1.36) of 80% water and 20% glycerol. This 80/20 solution matches the density of the microspheres to provide neutral buoyancy and prevent the microspheres from settling. The microspheres (Duke Scientific, Palo Alto, CA) are specified as NIST traceable with a mean size of 10.1 +/-0.3 µm and a standard deviation of 8.9%. The stock solution (1.1% solids) was concentrated to provide a mean free path (mfp =100µm).
The measured angular distribution for the surface layer (100 µm = 1 mfp) scattering intensity is shown in Figure  2 . The size of the microspheres is determined by comparing the data to theoretical Mie predictions. The Mie predictions are a set of intensity vs. angle curves for a Gaussian distribution of microsphere sizes characterized by a mean diameter (d) ranging from 7 to 13 µm at intervals of 0.1 µm and a 10% standard deviation in size parameter (x= π d / λ with λ the center wavelength of the source). The chi-squared value is calculated for each theoretical prediction and the measured size of the microspheres is calculated as the Mie theory prediction giving the minimum chi-squared value. For this experiment, Figure 3 shows that the chi-squared value is minimized at a value of 10.1 µm. An uncertainty of +/-1.1 µm is determined by the size where the calculated minimum chi-squared value is doubled. These results are in excellent agreement with the size specified by the manufacturer. We note that the uncertainty of the measurement is given approximately by the 10% variation in the size parameter, which accounts for both the broad distribution of sizes in our sample and the distributions of wavelengths in our broadband light source. 
Conclusion
We have demonstrated the viability of measuring particle sizes to within the accuracy and precision of the sample using a new a/LCI system with greatly improved data acquisition times of a few minutes. The data analysis was also expedited by using a new lookup table to facilitate comparison to Mie theory. The calibration of the system was demonstrated in experiments with polystyrene microspheres which determine their size with sub-wavelength accuracy.
Further advancements in the system will focus on reducing scan times. To accomplish this, we will replace the retroreflector with a galvanometer. This will reduce the time required for a single depth scan to less than one second. We will also improve the scanning speed of lens L2 by incorporating a high speed motor. These advances will be calibrated with the same methodology as the system presented in this paper
